Silicon carbide (SiC) was sintered using two different additives: AlN-Y 2 O 3 or AlN-CRE 2 O 3 . CRE 2 O 3 is a mixed oxide formed by Y 2 O 3 and rare-earth oxides. The crystalline structures of the phases were analyzed by high-resolution X-ray diffraction using synchrotron light source. The results of the Rietveld refinement of the mixed oxide show a solid solution formation. In both silicon carbide samples prepared using AlN-Y 2 O 3 or AlN-CRE 2 O 3 3C (β-phase) and 6H (α-phase) polytypes were found. The structural and microstructural results for both samples were similar. This is an indication of the viability of the use of CRE 2 O 3 in substitution for Y 2 O 3 as additive to obtain dense materials.
INTRODUCTION
Silicon carbide (SiC) shows excellent properties for structural applications. However, the production of highdensity ceramics by solid state sintering is difficult [1] due to the strong covalent character of the bonds and low selfdiffusion coefficient. Therefore, dense SiC ceramics can be commonly obtained by liquid-phase sintering, by use of additives such as: Al 2 O 3 and/or Y 2 O 3 [2] [3] [4] . The liquidphase sintered silicon carbide have shown higher fracture toughness in comparison to that produced from solid-state sintered ceramics [5] . An alternative additive for sintering silicon carbide is the mixed oxide (CRE 2 O 3 ) formed by a mixture of yttrium oxide and rare-earth oxides. This mixed oxide could be produced from the mineral xenotime, using a method described in a previous work [6] . It was successfully used for the liquid-phase sintering of Si 3 N 4 [7] . The main advantage for the use of the mixed oxide as additive is the lower cost when compared to the pure Y 2 O 3 [6] . On the other hand, the main question that arises about the use of the mixed oxide as additive is about its properties when compared to that sintered using pure Y 2 O 3 .
The structure of the silicon carbide is known to be complex. More than 180 different polytypes are known [8] The most common polytypes are 3C (cubic), 4H (hexagonal), 6H (hexagonal) and 15R (rhombohedral). The 3C polytype, also called β-SiC phase, is stable at lower temperatures (below 2000 °C) [8] [9] [10] showing globular grains with low fracture toughness and high hardness. The α-SiC phase that include all polytypes presenting hexagonal or rhombohedral symmetries is stable at higher temperatures, above 2000 °C. This phase shows elongated grains with high fracture toughness and low hardness. A homogeneous microstructure is commonly hard to be obtained. For structural applications, it has been proposed a microstructure formed by elongated plate-like grains obtained during the β−α transformation, due to the higher fracture toughness [11] .
X-ray diffraction is a suitable technique for the identification of the polytypes. The main difficulty in the analysis of the diffraction patterns is the overlap of several Bragg reflections, since the basal lattice parameter a = 3.08 Å is close for all polytypes. Another way to perform a detailed investigation of the structure and microstructure is the use of high-resolution X-ray diffraction with synchrotron radiation source. By this technique, some overlapped reflections could be resolved and small amount of secondary phases could be detected due to the excellent signal-noise ratio. The refinement of the structural parameters could be performed using a whole-pattern refinement method, as the Rietveld method. Thus, the aim of this work was the investigation of the structure and microstructure of the silicon carbide sintered by: yttrium oxide and aluminum nitride (AlN) or mixed oxide and aluminum nitride as additives. The characterization of the samples was done using techniques, such as high resolution X-ray diffractometry (HRXRD) and Scanning Electron Microscopy (SEM). The refinements of the structures were done using the Rietveld method.
EXPERIMENTAL
Commercially available silicon carbide (H. C. Starck -grade BF 12) was sintered using different additives: yttria (Y 2 O 3 ) and AlN (H. C. Starck -fine grade) or mixed oxide (CRE 2 O 3 ) and AlN (H C. Starck -fine grade). The mixed oxide formed by a mixture of yttrium oxide and rare-earth oxide was produced from xenotime mineral using a method developed at DEMAR-FAENQUIL and described elsewhere [6] . The composition of the mixed oxide formed by yttrium and rare-earth oxide obtained by chemical analysis is listed in Table I . The molar proportion used for AlN and Y 2 O 3 was 3:2 [12] . The same molar proportion was used for AlN and mixed oxide. The samples containing AlN-Y 2 O 3 (Y10) and AlN-mixed oxide (M10) as additives were mixed using isopropyl alcohol and milled by attrition using Si 3 N 4 balls for 4 h. After mixing, the powders were dried in a vacuum evaporator at 80 o C for 24 h. The powder batches (100 g) of containing 10 vol-% of additive were mixed with isopropyl alcohol and milled for 10 h in the attrition mill. The overall compositions of the powder batches are listed in Table II. The powders were pressed at 300 MPa in cold isostatic condition to obtain cylindrical shape samples of 15 mm diameter and 8 mm height. The green relative densities for Y10 and M10 samples were respectively 55.2(6)% and 56.1(9)%. Sintering was performed in a graphite heating element furnace (Thermal Technology, model 1000-4560-FP-20). The samples were inserted in a graphite crucible. The powder bed was composed by 70% SiC and 30% of the powder mixture of each composition studied. The furnace was programmed to heat-up to 2000 o C at a 20 o C/min rate, holding at this temperature for 1 h in 0,1 MPa argon atmosphere. Then, it was cooled down to the room temperature at a 20 o C/min rate. The weight loss during the sintering process was calculated by the difference between the weight of each sample prior and after sintering. Bulk density was measured by the immersion method in distilled water, according to the Archimedes principle.
High-resolution X-ray powder diffraction measurements were performed at Brazilian Synchrotron Light Source -LNLS using XRD1-D12A beam line. Multi-axis Hubber diffractometer mounted in a concentric coupled two circle configuration (ω-2θ) was used. The measurements were carried out using the monochromatic 10 keV (λ=1.2398 Å) energy beam. The sintered samples were ground in a stainless steel mortar. The powder was passed through 20 μm sieve. This powder was pulverized over the cylindrical holder (10 mm diameter and 2 mm depth) that was kept in planar rotation in order to randomize the particle distribution that contributes to the Bragg reflection. The diffracted beam was collected using a (200) germanium analyzer crystal and the scintillation detector combination.
The refinement of the crystal structure was performed by the Rietveld method using the FullProf program [13] and the crystallographic data reported in the literature [14, 15] .
The microstructural characterization was performed on ground, polished and chemically etched samples with distilled water, oxygen peroxide, ammonium hydroxide, liquid soap and colloidal silica mixture, for 15 min at room temperature. The polishing and chemical etching of the samples were performed in an automatic mandrel, Igan Wurtz, model Phoenix 4000. The micrographs of the etched samples were obtained in a LEO-Zeiss 1450 VP Scanning Electron Microscope with 20 kV electron energy and using secondary electron detector. high-resolution X-ray diffraction. The results of the Rietveld refinement are shown in the Fig. 1 . The structure of the mixed oxide was refined taking into account the crystallographic data of Y 2 O 3 -type structure [14] . The peaks of yttria were sharp, with full-width-at-half-maximum (FWHM) about 0.04 deg for the most intense (222) peak. The peaks of the mixed oxide are small and broader, presenting 0.50 deg for the most intense (222) peak. In comparison, the breadth of the mixed oxide reflections is more than ten times larger than that of the pure yttria. The intensity of the most intense (222) peak of the mixed oxide is approximately 8 times smaller than that of the pure yttria. However, all peaks of the mixed oxide were well-defined, in a clear evidence of a true solid solution formation. The refined lattice parameter for the mixed oxide (a=10.588(1) Å) was smaller than that of the pure yttria (a=10.6080(5) Å), attributed to the smaller mean atomic radius. Samples of silicon carbide were sintered using different additives: Y 2 O 3 and AlN or CRE 2 O 3 and AlN. The relative densities for the both samples were achieved to be 98 % and the weight losses were lower than 5 %.
RESULTS AND DISCUSSION
High-resolution X-ray diffractometry was performed in a sample of silicon carbide sintered using Y 2 O 3 and AlN as additive. Sharp and intense peaks were observed. It is easy to note the excellent signal-noise ratio of the diffraction patterns. The result of the Rietveld refinement is shown in the Fig. 2(a) . The peaks presenting intensities as low as 1% could be indexed. The following phases were identified: α-SiC(6H), β-SiC(3C), Y 2 O 3 and Al 2 Y 4 O 9 . No peaks belonging to SiC(4H) and SiC(21R) were found. Although the FWHM of the peaks was smaller, around 0.08 deg for the most intense peak, the overlapped reflections of α-SiC(6H) and β-SiC(3C) were unresolved. This result shows the proximity of the lattice parameters of α-SiC(6H) and β-SiC(3C) phases. The X-ray diffraction pattern of the sample of silicon carbide sintered using mixed oxide and AlN as additive is similar to that of the SiC sintered using pure Y 2 O 3 and AlN. The peaks are sharp and well-defined. The FWHM of the most intense peak was also similar for the both samples, being around 0.08 deg. Fig. 2(b) shows the result of the refinement taking account three phases: α-SiC(6H), β-SiC(3C) and mixed oxide with Y 2 O 3 -type structure.
The refined structural parameters are shown in Table III . The lattice parameters of α-SiC(6H) and β-SiC(3C) of the samples sintered using AlN-Y 2 O 3 or AlN-mixed oxide were close. The proportion of α-SiC(6H) phase in M10 sample was found slightly higher than that of Y10 sample.
The micrographs of the sintered samples are shown in Fig. 3 . Two different regions can be observed: SiC phase (gray area) and intergranular phase (white area). Grains of silicon carbide presenting plate-like shape with low aspect ratio indicate an incomplete β to α-SiC transformation during the sintering step. The microstructure of the Y10 sample shows a heterogeneous distribution of the grains, while the M10 sample presents more homogeneous and fine microstructure. For the microstructural point of view, the silicon carbide prepared from AlN-mixed oxide as additive shows a better result.
The HRXRD and SEM show similarities in both sintered samples, e.g. concerning to the intergranular phases, proportion of β−α phases and the microstructures. The results of the sintering properties, as densification and weight loss were also similar. These results show that the use of mixed oxide as additive is appropriate for sintering silicon carbide at lower cost in comparison to Y 2 O 3 . Further investigations focused on the mechanical properties, such as hardness and fracture toughness for these samples are considered.
CONCLUSIONS
Samples of silicon carbide sintered using AlN-Y 2 O 3 or AlN-mixed oxide were investigated by means of high-resolution X-ray diffraction and scanning electron microscopy. The results of the silicon carbide sintered using AlN-mixed oxide show structural and morphological properties similar to that prepared with AlN-Y 2 O 3 . This is an indication that high-density silicon carbide could be produced by using mixed oxide as additive at lower cost.
